In the myocardium, mechanical overload has been shown to increase c-Jun expression only transiently (5, 23, 27) , but several lines of evidence indicate that this transcription factor might be important for the subsequent activation of genes that are characteristically expressed during cardiac hypertrophy, such as ␣-skeletal actin and atrial natriuretic factor (1, 5) . Transfection of cardiac myocytes with a dominant negative of c-Jun has been shown to inhibit cardiac myocyte hypertrophy in response to phenylephrine and endothelin, suggesting that c-Jun might play an important role in cardiac hypertrophy (20) .
Concerning the regulation of c-Jun expression in overloaded myocardium, we recently demonstrated that the increases in c-Jun expression occur through a combination of an unknown posttranscriptional mechanism and transcriptional regulation by myocyte enhancer factor-2 transcription factors in the rat myocardium (19) . On the other hand, posttranslational regulation of c-Jun by hemodynamic overload has been also previously suggested (9) . However, little is known about the signaling mechanisms involved in the activation of c-Jun by mechanical stress in cardiac myocytes in vivo.
In the present study, we aimed to investigate the activation of c-Jun induced by pressure overload and the role of JNK isoforms in this process. EMSA and supershift assays revealed that c-Jun was a major component of the AP-1 complex activated by pressure overload. Western blotting and immunohistochemistry analysis demonstrated that both JNK1 and JNK2 were transiently activated by pressure overload, but only JNK1 was activated at the nuclei of cardiac myocytes. JNK1 activation was paralleled by c-Jun phosphorylation in the myocardial nuclear fraction and by an increase in c-Jun expression in cardiac myocytes. Experiments performed with specific JNK inhibitor abolished c-Jun phosphorylation and markedly attenuated its expression as well as the expression of the fetal gene ␤-myosin heavy chain (␤-MHC).
MATERIALS AND METHODS

Animals.
The experiments were performed on male Wistar rats (160-200 g) obtained from animal facilities of the State University of Campinas (Campinas, Brazil). All animals received care in compliance with the principles of laboratory animal care formulated by the university's Animal Care and Use Committee.
Antibodies and chemicals. Mouse monoclonal anti-phospho-JNK (sc-6254), anti-phospho-c-Jun (sc-822), anti-phospho-ERK1/2 (sc-7383), rabbit polyclonal anti-JNK1/2 (sc-571), anti-ERK1/2 (sc-153), anti-c-Jun (sc-1694), and anti-JNK1 (sc-474) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). [
125 I]protein A was from Amersham. The JNK inhibitor SP-600125 was from Calbiochem. Anti-mouse IgG antibody and all other grade chemicals were from Sigma.
Aortic constriction. Rats were anesthetized with pentobarbital sodium (50 mg/kg rat body wt ip) and placed on a temperaturecontrolled surgical table. Catheters were placed in the right common carotid artery and right femoral artery for blood pressure measurement. The transverse thoracic aorta was dissected, and a silver clip (500 m ID) was positioned around the transverse thoracic aorta between the brachiocephalic truncus and the left common carotid branches. The thoracic cavity was closed and the rats were studied after a period of 10 up to 120 min after surgery. Sham-operated animals underwent an identical procedure except for placement of the silver clip.
Pharmacological inhibition of JNK. Wistar rats were treated with the specific JNK inhibitor SP-600125 (6 mg/kg ip) 1 h before aortic constriction as previously described (28) . Sham rats were treated with vehicle (6 ml/kg dimethyl sulfoxide). After 10 min, 4 and 6 h of pressure overload, blood pressure was measured, the hearts were excised, and whole extracts (19) of the left ventricle were analyzed by immunoblotting with anti-JNK1/2, anti-phospho-JNK, anti-c-Jun, anti-phospho-c-Jun, anti-ERK1/2, and anti-phospho-ERK1/2 as well as by RT-PCR for ␤-MHC.
Subcellular fractionation. Subcellular fractionation was performed as previously described (18) except for minor modifications. At the end of each aortic constriction period, the thoracic cavity was opened and the left ventricle excised and homogenized in 5 volumes of solubilization buffer composed of 0.32 mol/l sucrose, 10 mmol/l Tris⅐HCl, pH 7.4, 1 mmol/l EGTA, 2 mmol/l EDTA, 1 mmol/l DTT, 50 mmol/l sodium pyrophosphate, 50 mmol/l sodium fluoride, 1 mmol/l sodium orthovanadate, 2 mmol/l PMSF and 0.1 mg of aprotinin/ml at 4°C with the use of a Polytron PTA 20S generator (model PT 10/35; Brinkmann Instruments; Westbury, NY) operated at maximum speed for 30 s. The homogenates were centrifuged (1,000 g, 10 min, 4°C) to obtain pellets that contained the nuclear fraction. The supernatant was centrifuged (100,000 g, 60 min, 4°C) to obtain the cytosolic fraction. The nuclear fraction was solubilized in Triton buffer [1% Triton X-100, 150 mmol/l NaCl, 10 mmol/l Tris⅐HCl (pH 7.4), 1 mmol/l EGTA, 1 mmol/l EDTA, 50 mmol/l sodium pyrophosphate, 50 mmol/l sodium fluoride, 1 mmol/l sodium orthovanadate, 2 mmol/l PMSF, and 0.1 mg of aprotinin/ml], and then centrifuged (15,000 g, 30 min, 4°C). The nuclear extract was obtained from the supernatant.
Protein analysis by immunoblotting. Aliquots of subcellular or whole myocardial extracts were treated with Laemmli sample buffer containing 100 mmol/l DTT and heated in a boiling water bath for 5 min, after which they were subjected to SDS-PAGE (10% bisacrylamide) in a miniature gel apparatus (Mini-Protean, Bio-Rad Laboratories; Richmond, CA). Electrotransfer of proteins from the gel to nitrocellulose membrane was performed for 90 min at 120 V (constant) in the Mini-Protean miniature transfer apparatus. Nonspecific protein binding to the nitrocellulose membrane was reduced by preincubating the filter in blocking buffer (5% nonfat dry milk, 10 mmol/l Tris, 150 mmol/l NaCl, and 0.02% Tween 20) overnight at 4°C. The nitrocellulose membrane blot was incubated with primary antibodies diluted in 10 ml of blocking buffer (3% BSA instead of nonfat dry milk) overnight at 4°C and then washed for 60 min in blocking buffer without milk or BSA. The blots were subsequently incubated with 2 Ci of [ 125 I]protein A (30 Ci/g) in 10 ml of blocking buffer for 2 h at room temperature and then washed again for 30 min as described above. [
125 I]protein A bound to the specific antibodies was detected by autoradiography using preflashed XAR film (Eastman Kodak; Rochester, NY) with Cronex Lightning Plus intensifying screens (DuPont; Wilmington, DE) at Ϫ80°C for 24 h. Band intensities were quantified by optical densitometry of the developed autoradiographs.
Tissue preparation for immunohistochemistry. Immunohistochemical assays were performed as previously described (8) . Rats were heparinized and euthanized with a lethal dose of lidocaine. The ventricles were fixed by overnight immersion with 4% paraformaldehyde in 0.1 mol/l phosphate buffer, pH 7.4, and processed to inclusion in paraffin. Sections (5 m) were transferred to poly-L-lysine-coated glass slides. The endogenous peroxidase activity was blocked by treatment with 0.03% H 2O2 in 0.1 mol/l PBS at room temperature for 30 min. The sections were preincubated in blocking buffer (5% nonfat dry milk on 0.1 mol/l PBS) for 45 min at 37°C, followed by overnight incubation with the primary antibodies (1:75) at 4°C. The sections were extensively rinsed in 0.05 mol/l PBS and incubated with peroxidase-conjugated secondary antibodies (1:100) for 2 h at 25°C. After being washed in the same method as above, the sections were subjected for 10 min to freshly prepared diaminobenzidine that contained H 2O2 (0.8%). Secondary antibody specificity was tested in a series of positive and negative control measurements. In the absence of primary antibodies, application of secondary antibodies failed to produce any significant staining.
Preparation of nuclear extracts and EMSA. Nuclear extracts were prepared as described previously (30) . Left ventricles were harvested and snap frozen in liquid nitrogen. A pool of two hearts was used for each experimental period. The frozen tissues were pulverized in liquid nitrogen and homogenized in 10 volumes of homogenization buffer A (250 mmol/l sucrose, 10 mmol/l HEPES, pH 7.6, 25 mmol/l KCl, 1 mmol/l EDTA, 10% glycerol, 0.1 mmol/l PMSF, 2 g/ml each aprotinin and leupeptin, and 10 mmol/l sodium orthovanadate) with 10 strokes of a Teflon pestle. The homogenate was layered over a one-half volume of buffer B (1 mol/l sucrose, 10 mmol/l HEPES, pH 7.6, 25 mmol/l KCl, 1 mmol/l EDTA, 10% glycerol, 0.1 mmol/l PMSF, 2 g/ml each aprotinin and leupeptin, and 10 mmol/l sodium orthovanadate) and centrifuged at 3,900 g for 10 min at 4°C. The pellet was resuspended in buffer A-glycerol [9:1 (wt/wt)] and layered over a one-third volume of buffer B-glycerol [9:1 (wt/wt)]. The gradient was centrifuged at 48,000 g for 30 min at 4°C. The semipurified nuclear pellet was resuspended in 1 vol of nuclear extraction buffer (10 mmol/l HEPES, pH 7.6, 400 mmol/l KCl, 3 mmol/l MgCl2, 0.1 mmol/l EDTA, 10% glycerol, 1 mmol/l DTT, 0.1 mmol/l PMSF, and 10 mmol/l sodium orthovanadate). Nuclear proteins were then extracted on ice for 30 min, and the particulate material was removed by centrifugation at 13,000 g in a microcentrifuge for 10 min at 4°C. The supernatant was dialyzed against buffer C (25 mmol/l HEPES, pH 7.6, 100 mmol/l KCl, 0.1 mmol/l EDTA, 10% glycerol, 1 mmol/l DTT, 0.1 mmol/l PMSF, 2 g/ml each aprotinin and leupeptin, and 10 mmol/l sodium orthovanadate) for 3 to 4 h. The dialysate was assayed for total protein (Bradford) and stored at 70°C.
EMSA were performed as previously described with modifications (19) . AP-1 DNA-binding site oligonucleotides (CGCTTGATGACT-CAGCCGGAA) were from Santa Cruz Biotechnology. The oligonucleotides were end labeled with [␥-32 P]ATP and T4 polynucleotide kinase. The probes (5 and 7 pmol/l in final reaction volume) were incubated with 20 g of nuclear extracts in a 20-l reaction containing 1 g poly(dI-dC), 50 mmol/l NaCl, 5 mmol/l MgCl2, 10 mmol/l Tris⅐HCl, pH 7.5, 0.5 mmol/l EDTA, 1 mmol/l DTT, and 2% glycerol for 20 min at room temperature. For competition studies, the extracts were incubated with ϫ100 excess of unlabeled AP-1 oligonucleotides. For immunogel shift assays, the extracts were incubated with 3 g of anti-c-Jun antibody or nonimmune serum 45 min before electrophoresis at room temperature. The samples were then analyzed on a nondenaturing 6% polyacrylamide gel and run at 400 V for 90 min at 4°C. The dried gels were exposed and the bands were visualized by autoradiography.
RT-PCR analysis. Left ventricles were homogenized in TRIzol reagent, and total RNA was isolated by precipitation with isopropyl as previously described (19) . A 5-g aliquot of total RNA was used for cDNA synthesis with the Superscript preamplification system (Life Technologies) according to the manufacturer's instructions. cDNA was amplified by PCR using Taq DNA polymerase with oligonucleotides derived from the ␤-MHC gene (5Ј-CCAACACCAACCTGTC-CAAGTTC-3Ј and 5Ј-TGCAAAGGCTCCAGGTCTGAGGGC-3Ј) or ␤-actin gene (5Ј-TTCTACAATGAGCTGCGTGTGGCT-3Ј and 5Ј-GCTTCTCCTTAATGTCACGCACGA-3Ј). Oligonucleotides were synthesized by Life Technologies. The amplification conditions consisted of denaturing at 94°C for 2 min, annealing at 45°C (␤-actin) and 54°C (␤-MHC) for 1 min, and extension at 72°C for 2 min. The number of cycles was 25. PCR products were size fractionated with agarose gel electrophoresis. After being stained with ethidium bromide, the DNA bands were visualized with a UV transilluminator.
Statistical analysis. The data are presented as means Ϯ SE. Differences between the mean values of the densitometric readings were tested with one-way ANOVA, followed by post hoc multiple comparisons with the use of Bonferroni's corrected t-test. A value of P Ͻ 0.05 indicated statistical significance. Figure 1 summarizes the effect of aortic constriction on blood pressure measured in the ascending and abdominal aorta of anesthetized rats. Ascending aorta systolic blood pressure increased by ϳ40 mmHg in the period ranging from 10 min to 2 h after aortic constriction (Fig. 1A) . Blood pressure measured in the abdominal aorta remained stable at levels similar to those seen in control rats (Fig. 1B) .
RESULTS
Effect of aortic constriction on blood pressure.
Effect of pressure overload on JNKs. Immunoblotting assays with anti-JNK1/2 antibody showed that cytosolic and nuclear fractions of rat left ventricles expressed both p46 (JNK1) and p54 (JNK2) isoforms ( Fig. 2A) . Experiments with fractional centrifugation of left ventricular myocardial homogenates obtained from sham-operated rats indicated that the amounts of JNK1 and JNK2 were 8.2-and 12.5-fold greater in the cytosolic than in the nuclear fraction, respectively (Fig. 2, A and B) . A significant nuclear translocation of JNK1 was detected after 10 min of aortic constriction, as indicated by the increase in the amount of this protein detected in the nuclear fraction, simultaneously to a reduction in the cytosolic fraction. On the basis of these data, we estimated in 23% the nuclear translocation of JNK1 (Fig. 2B) . The redistribution of JNK1 induced by pressure overload was confirmed by immunohistochemical analysis of myocardial tissue with a specific antibody against JNK1 (sc-474). In control hearts, JNK1 was mainly found in the cytosol of cardiac myocytes (Fig. 2C) , whereas in overloaded hearts (10 min), a marked anti-JNK1 antibody staining was observed at nuclei of cardiac myocytes (Fig. 2D) .
With the use of a specific antibody against the phosphorylated isoforms of JNKs, we assessed the effect of pressure overload on the activity of these kinases (Fig. 2A) . The small amount of activated baseline JNK was found predominantly in the cytosolic fraction of rat heart. Pressure overload induced an early (10 min of aortic constriction) and transient phosphorylation of JNK1 and JNK2 in the cytosolic fraction of the rat heart (3-fold for JNK1 and 3.2-fold for JNK2). This was accompanied by an increase in the intensity of phosphorylated JNK1 band in the nuclear fraction. However, the ratio of phosphorylated JNK1 to total JNK1 remained unaltered, indicating that the increased JNK1 phosphorylation seen in the nuclear fraction of 10-min-overloaded hearts was due to nuclear translocation of phosphorylated JNK1. We were unable to find a significant increase in JNK2 phosphorylation in the nuclear fraction, although a robust activation of this isoform was detected in the cytosolic fraction. 
Regulation of c-Jun expression/phosphorylation by pressure overload.
The effect of hemodynamic overload on c-Jun expression was assessed by immunoblotting of subcellular fractions and by immunohistochemistry of myocardial sections with anti-c-Jun antibody. Immunoblotting of myocardial subfractions showed a minor c-Jun expression in both the cytosolic and nuclear fractions in the left ventricles of sham-operated rats. A marked increase in c-Jun expression was observed in the cytosolic fraction (ϳ3-fold) after 10 min and in the nuclear fraction (ϳ5-fold) after 10 and 30 min of aortic constriction (Fig. 3A) . Cellular localization of c-Jun was then assessed by immunohistochemical analysis. In sham-operated hearts, a faint immunostaining of c-Jun antibody was detected in the cytosol of cardiac myocytes (Fig. 3B) . In 10-min-overloaded hearts, increased c-Jun immunostaining was noted in the cytosol and in the nuclei of cardiac myocytes (Fig. 3C) , whereas in 30-min-overloaded hearts, a marked increase in c-Jun expression was only detected in the nuclei of cardiac myocytes (Fig. 3D) .
JNK has been shown to enhance the transcriptional activity of c-Jun by phosphorylation of serine-63 (7, 28) . Immunoblotting analysis of myocardial subcellular fractions using a phosphospecific antibody against serine-63 c-Jun revealed a significant (3.5-fold) increase in the amount of serine-63-phosphorylated c-Jun in the nuclear fraction after 10 min of pressure overload (Fig. 3E) . In contrast, no significant increase in c-Jun phosphorylation was detected in the cytosolic fraction along the experimental period.
Regulation of AP-1 activation by c-Jun in overloaded myocardium. c-Jun is a major component of the AP-1 complex of transcription factors (13) . To investigate whether the increased expression of c-Jun in the overloaded myocardium was associated with increased DNA binding and activation of this transcription factor, we performed EMSA and supershift assay of left ventricle nuclear extracts with an oligonucleotide containing the consensus binding DNA sequence for AP-1 complex of transcription factors (Fig. 4A) . A consistent increase in DNA binding activity of AP-1 was observed after 10 and 30 min of sustained pressure overload. The specificity of the DNA probe for AP-1 binding was confirmed by competition assays with unlabeled oligonucleotides for AP-1 binding (Fig. 4A) . The DNA protein complex was competed away by a ϫ100 molar excess of unlabeled AP-1 oligonucleotide.
We then evaluated the role of c-Jun in the load-induced activation of AP-1 in rat myocardium through Supershift assays with anti-c-Jun antibody using nuclear extracts of 30-minoverloaded myocardium (Fig. 4, A and B) . The intensity of the band corresponding to the DNA-protein complex was diminished when the reaction mixture containing the anti-c-Jun antibody was used. However, this did not occur when the reaction mixture contained the nonimmune serum. (Fig. 5B) . Treatment with SP-600125 produced no change in rat blood pressure in this study (Fig. 5C) .
To test whether JNK-mediated signaling is involved in the load-induced expression of the myocardial fetal gene program, we examined the regulation of ␤-MHC expression in left ventricles by RT-PCR. As shown in Fig. 5D , ␤-MHC transcripts increased significantly after 6 h of pressure overload. Treatment with SP-600125 did not change the baseline ␤-MHC transcript, but abolished its increase induced by pressure overload. Figure 5D also shows that neither pressure overload nor the treatment with SP-600125 changed ␤-actin mRNA expression in left ventricles.
DISCUSSION
The present data add comprehensive information on c-Jun activation induced by acute pressure overload in the rat heart. EMSA showed that DNA binding of AP-1 complex is rapidly enhanced by pressure overload in myocardial cells. Further analysis with Supershift assay revealed that c-Jun is a major component of DNA protein complex. By combining immunoblotting of subcellular fractions and immunohistochemical analysis of rat myocardium we showed that increased c-Jun expression by pressure overload was accompanied by transient JNK-induced phosphorylation of serine-63 in this transcription factor at the nuclei of cardiac myocytes. The correspondence of JNK1 subcellular distribution and activation with those of c-Jun indicates that this isoform, rather than JNK2, is responsible for c-Jun phosphorylation in overloaded myocardium. (23, 27) . Recently, we (19) have shown that pressure overload increases c-Jun expression in rat myocardium through an earlier posttranscriptional mechanism and a later transcriptional regulation mediated by myocyte enhancer factor-2 transcription factors in the rat myocardium. In the present study, we extended those observations to show that earlier increases on c-Jun expression are simultaneous to increased serine-63 phosphorylation of this transcription factor. Moreover, our demonstration here that pharmacological By taking advantage of Supershift assays with anti-c-Jun antibody, we provided new evidence that c-Jun is a major component of the activated AP-1 complex in the nuclear fraction of overloaded myocardium. It was noticeable that the increased AP-1/c-Jun DNA-binding was accompanied by increased expression of c-Jun at the nuclei of cardiac myocytes subjected to pressure overload, indicating that the increased expression of c-Jun-induced by pressure overload might play a role in DNA-binding of AP-1 in cardiac myocytes. Accordingly, previous studies (2, 7, 28, 31) have demonstrated that increased c-Jun expression enhances AP-1 DNA binding. On the other hand, besides enhancing c-Jun expression, phosphorylation of serine-63 has been also shown to increase the transcriptional activity of this factor (7, 28) . These observations indicate a complex regulation of c-Jun by acute pressure overload, suggesting that although the increased expression of c-Jun might enhance its DNA binding, phosphorylation of serine-63 might increase its expression and transcriptional activity in cardiac myocytes.
Our present results were extended to show that pressure overload also activates JNK1 in both cytosolic and nuclear fractions, whereas JNK2 is only activated in the cytosolic fraction of overloaded left ventricles. The distinct subcellular localization of activated JNK1 and JNK2 suggests different targets for these two kinases (i.e., nuclear proteins for JNK1 and cytosolic proteins for JNK2), which might be of functional importance in cellular signaling mechanisms. Activation of specific JNK isoforms (i.e., JNK1 in the nuclei and JNK2 in the cytosol) in different subcellular compartments was previously found in a model of ischemic preconditioning in rabbit hearts (22) . Supporting the idea that this subcellular distribution has a functional meaning, we showed that JNK-mediated phosphorylation of c-Jun coincides in its time course and subcellular localization with the JNK1 activation, indicating that JNK1 rather than JNK2 is the kinase responsible for c-Jun phosphorylation in overloaded myocardium. Accordingly, JNK isoforms have been previously shown to differ in their affinities for substrates (11) . However, the mechanisms involved in the differential regulation of JNK1 and JNK2 at subcellular locations was not investigated in the present study, and to the best of our knowledge no study has explored the differential translocation of specific isoforms of JNKs to subcellular compartments. A process that is better understood, however, is the regulatory mechanisms for ERK1 and ERK2 nuclear translocation. Nuclear translocation of ERKs involves at least three distinct regulatory steps, including cytoplasmic retention of ERKs by MEK, phosphorylation and subsequent dimerization of ERKs, and active transport of ERK dimers across the nuclear membrane (6, 14) . In analogy to these data, one might speculate that substrates or upstream activators with restricted subcellular distribution could facilitate the recruitment of the respective JNK isoforms by direct physical interactions. However, further studies are necessary to confirm whether such mechanisms are also valid for JNK regulation.
The functional role of JNKs/c-Jun pathway activation in acutely overloaded myocardium is indicated by our finding here that the ablation of this pathway markedly reduced the increased expression of the marker gene ␤-MHC. The acute experimental settings of the present study preclude a better understanding of the role of this phenomenon to the development of myocardial structural and functional changes induced by mechanical overload. However, our data agree with previous evidence (3, 17) obtained in rats expressing a myocardial dominant negative of JNK kinase-1 and also with those obtained in mice with myocardial-specific MEKK1 Ϫ/Ϫ genotype. The results of these studies demonstrated that activation of the JNK pathway is essential to the myocardial recapitulation of the fetal gene program in response to aortic banding or to overexpressed G q protein, respectively. In addition, our present results also agree with those of a study that used a cre-loxPmediated DNA recombinant approach in adult mice and showed a direct link between JNK activation and ␤-MHC expression (21) . Interestingly, JNK activation in these aforementioned models was followed by cardiac hypertrophy and/or cardiomyopathy, implicating a potential role for the JNK pathway in the development of heart failure. Nevertheless, this idea apparently contrasts with the results of a previous study performed in MEKK1 Ϫ/Ϫ mice, which demonstrated an impairment of load-induced JNK activation without any effect on load-induced myocardial hypertrophic growth (26) . The reason for the discrepancies is not apparent but differences in the experimental models, stimuli intensity and timing might be taken to explain the results of the various studies attempting to clarify the role of JNKs on the myocardial phenotypic changes induced by hypertrophic stimuli.
In conclusion, the present report demonstrates that mechanical stress activates AP-1 in cardiac myocytes through a combination of increased c-Jun expression and phosphorylation of this transcription factor by JNK1. A model consistent with our results is shown in Fig. 6 . Load-induced activation of JNKs mediates the phosphorylation of c-Jun and regulates the expression and transactivation of this transcription factor. On the other hand, the increased expression of c-Jun is accompanied by enhanced DNA-binding activity. The load-induced activation of the JNK/c-Jun pathway in turn plays an important role in the early expression of the fetal gene ␤-MHC in acutely overloaded myocardium. These findings demonstrate a molecular basis for load-induced activation of a transcription factor encoded by immediate-early genes in cardiac myocytes and its connection with the regulation of fetal type genes, characteristic of the acute response to pressure overload. The relative importance of these mechanisms to phenotypic myocardial changes, such as hypertrophy and heart failure, needs further investigation.
